Cognitive scientists often use probabilistic equations to model human behavior in ambiguous situations. How, where, and even if such probabilities are represented in the human brain remains largely unknown. Here, we manipulated the probability of simple bottle-pouring action based on two considerations, the relative fullness of two glasses and the relative distance between the two glasses and the bottle. Whole brain functional magnetic resonance imaging was used to measure brain activity while participants viewed probable and improbable pouring actions. Improbable actions elicited increased activity in the theory of mind (ToM) network, commonly found active when trying to grasp the intentions of others, whereas probable actions elicited increased activity in the human mirror neuron system (hMNS) and areas associated with mental imagery and memory. These data provide novel insight into the brain mechanisms humans use to distinguish between high and low-probability actions.
Introduction
The ability to make predictions about the future state of the world when placed in ambiguous situations is a fundamental and very useful capacity present in humans. Athletes predict the actions of their opponents, mothers make predictions regarding their baby's needs, and writers predict the responses of their reviewers. Cognitive scientists have long relied on probabilistic models to explain a wide variety of complex human behaviors including decision making, action planning, motor learning and behavior [1] [2] [3] [4] [5] . Probabilistic models are especially apt at making predictions in ambiguous situations like those mentioned above. In such models, events are typically assigned a specific likelihood after taking into account the current situation and prior experience according to a well known statistical approach known as empirical Bayes. While significant research has been conducted with regards to the neural correlates of probabilities as they relate to topics such as reinforcement learning, risk taking behavior and reward [6] [7] [8] [9] , relatively little is known about the neural representation of action probabilities as they relate to object-directed actions encountered in everyday situations. In the current experiment, we attempted to localize brain areas responsible for coding the probability of actions. Specifically, we conducted a functional magnetic resonance imaging (fMRI) experiment in which we could visualize brain activity during the observation of actions that were either likely or unlikely based on the relative distance between objects being combined or the context in which the combination of objects occurred.
Based on previous research, we had strong reason to believe that human mirror neuron system (MNS) would be involved in the calculation of action probabilities. The MNS, a system comprised of the human inferior parietal and frontal lobes, is often cited as supporting various aspects of action understanding. Activity within this system is modulated by the type of action sequences that are "likely" to follow a particular observed movement [10] [11] [12] [13] . For example, Fogassi and colleagues [14] found that activity recorded from primate MNs during the grasp of a peanut depends critically on whether the peanut was then eaten or placed in a cup. In humans, Iacoboni and colleagues [15] showed that activity recorded from the human MNS during the observation of a grasping action also varies as a function of the subsequent to-be performed movements. This sensitivity to future actions, highly relevant to the discussion of action probabilities, has been referred to as "action forecasting". Here, the idea is that MNs respond most strongly to actions which are likely to be followed by other actions, i.e. actions that are the initial element of a likely-to-follow action sequence.
The idea that mirror neuron activity may reflect the probability of a given action is echoed by researchers working in the field of biological robotics. These researchers have gone so far as to suggest specific biological mechanisms whereby action probabilities could be cortically represented. Specifically, Metta and colleagues [16] have hypothesized that the probability of a given action A occurring, given the presence of a given object O, or P A|O, might be encoded by the response of canonical neurons located within core MNS areas. These neurons respond to the observation of objects that can be grasped, and it has been suggested that their activity reflects 1) the processing of the affordances of the object and 2) a "mental simulation" of actual object use and/or 3) subsequent actions that might possibly be executed [17] .
In order to examine the anatomical basis of probability coding, we created a paradigm in which the probability of a simple pouring action (i.e. pouring a bottle of wine into one of two glasses) was dependent on two factors; the relative fullness of the two glasses which could potentially be poured into and the relative distance between the bottle and each of the two glasses. We arrived at these factors based on the computational model of Cuijpers and colleagues [2] which predicts that 1) the combination of nearby objects is more likely than the combination of distant objects, and that 2) logical combinations of objects (e.g. bolt + nut) are more probable than illogical combinations (e.g. bolt + screw). Accordingly, we hypothesized that the emptier a glass was, the more likely it would be for an actor to pour fluid into that glass. Similarly, we reasoned that the closer the bottle was to one of the glasses, the more likely it would be to pour into that glass. We expected the MNS to exhibit differential response patterns based on the probability of pouring actions which we experimentally manipulated by varying these distance and fullness cues. Specifically, we predicted the existence of sites within the MNS that would respond maximally to high-probability actions independent of whether the action's probability was based distance or fullness cues.
Methods

Participants
Twenty-one right-handed subjects (5 males, 16 females) between the ages of 19 and 35 (mean ± SD age, 23.6 ± 4.1 years) participated in the experiment. All participants had normal or corrected-to-normal vision and were healthy adults (self-report). They gave written informed consent according to the institutional guidelines set forth by the local ethics committee (CMO region Arnhem-Nijmegen, Netherlands) prior to the experiment. Subjects were compensated at the rate of 12.50 €/hr for their participation.
Stimuli
Stimuli for the scanning session consisted of photos presented centrally on the screen on a plain black background. Photos were made using a digital camera and resized to a 600 × 400 pixels image. Photos displayed a table with two glasses positioned on the left and right side of the table, a bottle and a person sitting behind the table (without showing the head). Photos were taken in such a way that the displayed person appeared to sit across the table facing the subject. Four types of stimuli can be distinguished. The first type of stimuli displayed the bottle on the table in between two wineglasses while the person is holding it with her/his right hand. Bottle position varied from left to right in five positions (closest to left glass, left from the middle, middle, right from the middle, closest to right glass) and two different varieties of wine bottle were used in an attempt to maintain subjects' attention. The second type of stimuli showed the person pouring from a bottle into either one of the glasses. Photos of glasses containing varying amounts of liquid (almost empty glasses, half full glasses and full glasses) were later overlayed on top of the glasses in the photos with the total setup. All 90 combinations were included (5 bottle positions × 2 possibilities for pouring × 3 fullness degrees for left glass × 3 fullness degrees for right glass = 90 possibilities).
Testing Procedure
Functional magnetic resonance imaging was performed while participants watched short, two-frame action sequences in which an actor gripped a wine bottle and poured it into one of two wine glasses. A single functional run consisted of 99 trials, nine of which were a repetition of the preceding trial. The other 90 trials were all different. The two different bottles were randomly distributed over the 90 possibilities mentioned above, and these combinations were presented in random order. Each trial consisted of a sequence of two photos interleaved with a fixation cross after every second photo. The first photo portrayed the initial set-up of the bottle and glasses and was presented for 2000 ms. This was followed by a 1000 ms presentation of a photo showing the actor pouring wine into one of the glasses. Then a jitter stimulus containing a black screen with a white fixation cross in the middle was presented for 4000 -8000 ms. Figure 1 illustrates the temporal progression of the task. Stimuli were presented using a projector with a resolution of 1280 × 1024 pixels, and viewed by participants lying in the fMRI scanner through a custombuilt mirror. All sti- In this series of photos, it is more likely that the actor will pour into the right glass based on the distance between the bottle and glasses. Based on the relative fullness of the glasses, it is more probable that the actor will pour in the left glass.
muli were delivered using Presentation software version 9.90 (Neurobehavioral Systems, Davis, CA) run on a Dell Workstation (Austin, TX, USA). Subjects were instructed to concentrate on the photos while in the scanner and to respond with a button press when they observed the same trial two times in a row. This was done to ensure that participants were paying attention to the stimuli.
fMRI Data Acquisition
All magnetic resonance imaging was conducted at the F.C. Donders Centre for Cognitive Neuroimaging (Nijmegen, The Netherlands). Functional images were acquired on a Trio 3T whole-body MR scanner (Siemens) using an ascending slice acquisition sequence and a birdcage head coil (TR = 2.50 s, TE = 35 ms, 90˚ flip-angle, 34 axial slices, slice-matrix size = 64 × 64, slice thickness = 3 mm, slice gap = 0.5 mm, FOV = 22.4 cm, voxel size = 3.5 × 3.5 × 3.5 mm). Head movement was restricted using foam cushions. A single scanning block lasted approximately 17 minutes. Following acquisition of echo-coplanar images (EPIs), a T1-weighted 3D MP-RAGE sequence (volume TR = 1960 ms, TE = 4.43 ms, 8˚ flip-angle, 176 coronal slices, slice-matrix size = 256 × 208, slice thickness = 1.0 mm, voxel size = 1 × 1 × 1 mm) was acquired.
fMRI Data Analysis
Functional data were preprocessed and analyzed using SPM2 (http://www.fil.ion.ucllac.uk/spm). All functional data were first corrected for motion artifacts using the bilinear interpolation method and coregistered with the high resolution T2-weighted anatomical image. Images were then normalized to the Montreal Neurological Institute (MNI) template with a resolution of 2 × 2 × 2 mm, and smoothed in three dimensions using a 6 × 6 × 6 mm Gaussian kernel. BOLD signal recorded during the observation of the short action sequences was modeled as the primary epoch of interest. Null events in which the fixation cross remained on the screen (as opposed to the appearance of an action sequence) were modeled as the REST condition along with the first and last fifty seconds of the functional run during which time the fixation cross was also on the screen.
Results
One-Back Task
In order to ensure that participants were paying attention to the stimuli, a small percentage of the trials (nine trials per functional fun) were replications of the immediately preceding trial. Participants pressed a response button as soon as they perceived one of these repeated trials. On average participants made 8.95 responses (SD = 1.31, Min = 5, Max = 12, Mode = 9) during the experimental run thus confirming that they were paying attention to the stimuli.
Brain Areas Responding to Low Probability Actions
In order to isolate core brain areas responding more strongly to improbable as compared to probable actions we computed the intersection analysis (
. This analysis revealed that BOLD signal was significantly greater during the observation of low as compared to high-probability actions at sites in the left medial frontal cortex (MFC, BA 32) and the right middle superior temporal sulcus (mSTS, BA 48), ( Figure 2 ).
Brain Areas Responding to High Probability Actions
We conducted a separate intersection analysis to determine brain areas responding preferentially to the observation of high-probability actions based on either distance or fullness cues. Here, we calculated the conjunc- Figure 3) . v Table 1 . Locations in MNI coordinates and labels of brain areas which responded preferentially to either high-probability actions or to and low-probability actions. Results for individual comparisons of high and low-probability actions based on distance and fullness were entered into an inclusive intersection analysis such that only areas surviving this threshold in both comparisons survived. In the case of High-probability Actions, results for the intersection of (HP_fullness − LP_fullness) ∩ (HP_distance − LP_distance) are shown. In the case of Low-probability Actions, the intersection of (LP_fullness − HP_full-ness) ∩ (LP_distance − HP_distance) is shown. The overall probability of the activation peaks in both sub-comparisons was multiplied to calculate P_overall. SMG = supramarginal gyrus, PCu = precuneus, IFS = inferior frontal sulcus, Occ. = primary visual cortex, MFG = middle frontal gyrus, MFC = medial frontal cortex, mSTS = middle superior temporal sulcus. 
Parametric Variations in BOLD Signal
In order to further explore the nature of the neural response to actions of varying probability in core areas identified as differentiating between high and low probability actions we performed a secondary analysis. To examine distance based probability we recoded the fMRI data such that all actions were divided into 5 levels of probability, ranging from low to high, based on the distance traveled by the bottle (The shortest distance was coded as 1 and the longest was coded as 5). To examine fullness based probability, we recoded the fMRI data such that all actions were divided into three levels of probability (Low = pouring into a glass with the same fullness as the other glass, Medium = pouring into a slightly more empty glass, High = pouring into a much more Sites of peak activation at locations in the medial frontal cortex (MFC) and middle superior temporal sulcus (mSTS) which responded more strongly to low as compared to highprobability actions, based on both fullness and distance based cues. These sites constitute core components of the theory of mind network. Results are overlaid on a standard high-resolution T1 weighted brain image. empty glass). We then extracted percent signal change relative to rest for all levels of probability and for all brain regions identified in Table 1 (Figure 4) .
Action Probability and Life Experience
Finally, in order to further explore the nature of the activations observed for high and low probability actions within the MNS, we ran a correlation between the age of the participants and the strength of the differences in SMG activation observed for high and low probability actions based on either distance ( 
Discussion
Brain Response to Likely Actions
Only one brain region within the putative MNS [18] differentiated between high and low-probability actions as defined in the current experiment. Two nearby, but separate sites within the left supramarginal gyrus responded maximally when there was a match between the observed and expected actions (i.e. high-probability actions). Based on both lesion and neuroimaging studies, the SMG is viewed as highly specialized neural tissue which houses visual and motor programs involved in Figure 4 . Plots of percent signal change elicited by observation of actions with varying degrees of probability in areas identified as having heightened responses to high (A) or low (B) probability actions (see Table 1 ). SMG = supramarginal gyrus, PCu = precuneus, IFS = inferior frontal sulcus, OCC. = primary visual cortex, MFG = middle frontal gyrus, MFC = medial frontal cortex, mSTS = middle superior temporal sulcus. skilled tool use [19] [20] [21] [22] [23] . Interestingly, sites in the MNS were found to be co-activated with the SMG in this and other experiments, suggesting a close functional relationship with each other [24, 25] . The current data suggest an important role for the left SMG in differentiating between actions of low and high probability. Adopting a probabilistic perspective allows us to look at skilled tool use in a new way. Tool use is made possible by the ability to infer future actions specific to that tool. Such inferences are especially important to tool/object use because proper handling of these items is typically associated with complex sequences of actions which must be executed in the appropriate order. For example, a mallet implies a series of actions associated with pounding in or removing a nail. It may be interesting to consider how certain brain sites, such as the SMG, come to respond differently to actions of either high or low probabilities. The simplest and most parsimonious explanation is that probabilities are, as implied by Bayes' Rule, based on prior experience or entrainment. In the case of the current experiment, participants' personal experience in social drinking may have led to the formation of specific expectations regarding the relationship between the relative fullness of two glasses and subsequent pouring actions. The relationship between inter-object distance and probability, on the other hand, may be rooted in the more general experience of preferring the combination of proximate objects across a variety of contexts, something commonly referred to as the Gestalt principle of Proximity (e.g. we might eat the closest French fry off our plate first, the most distant last). The present research indicates a common neural substrate for evaluating action probabilities based on both types of cues (fullness and distance).
An interesting finding in the current experiment is that we did observe a correlation between age, which is representative of a participant's general life experience, the strength of the probability coding at sites in the supra marginal gyrus. It seems that the two sites within the left supramarginal gyrus, while both responding more strongly to high-probability actions, were differentially sensitive whether or not the likelihood of an action was related to the proximity of objects being combined or the relative need to refill a certain glass. First, this finding makes it less likely that the supramarginal activations uncovered in the conjunction analysis are the result of insufficient thresholding (i.e. Type I errors). Second, this finding seems to support the idea that the supramarginal gyrus's response to action probabilities is, at least in part, governed by prior experience (either amount or type). This finding also raises the interesting possibility that different sub-areas within the parietal lobe may code for probability of actions based on different types of cues (e.g. fullness or distance based). Of course this claim is highly speculative and further experimentation is needed to confirm this hypothesis. More sensitive questionnaires, perhaps dealing with specific types of motor experience (which would not rely on assuming on the link between age and specific types of experiences), could be used in future studies which examine patterns of neural activity elicited by high and low-probability actions.
Finally, we would like to note that the precuneus and primary visual cortices showed the same pattern of responses as the SMG during observation of probable and improbable actions, although these activity patterns were not correlated with participants' age. The precuneus is thought to be involved in visuo-spatial imagery (as is primary visual cortex) and episodic memory retrieval [26, 27] . The co-activation of these areas during the observation of high-probability actions suggests a relationship between past experience, upon which action probabilities are probably built and mental imagery, which could be used to replay or simulate previously observed actions. The precise nature of the relationship between learning, mental imagery and probability coding requires further investigation.
Brain Response to Unlikely Actions
During observation of low probability actions, sites commonly associated with evaluating the intentions of others, including the medial frontal cortex and the superior temporal sulcus, were found to be active. The MFC is a core component of the theory of mind (ToM) network, a network found to be active when people evaluate about or consider the intentions of other people. Based on numerous studies reporting co-activation of STS and MFC [28] [29] [30] [31] , as well as the known anatomical connectivity between these two areas [32] , co-activation in these two areas has been hypothesized to reflect core mentalizing processes [33] . The current data are consistent with this interpretation. As such, we take this activity in the MFC and mSTS to represent subjects' attempt to understand the intentions behind the actor's improbable movement choice. Also informative is our failure to find MNS involvement during the observation of low-probability actions. Indeed, the exact role of the MNS in the processing of atypical, or odd actions, is currently under debate. Some evidence suggests that humans rely on their own motor systems to make sense of others' actions, and to recognize their intentions [11, 14, 18, 34] , while other authors have failed to observe additional MNS activation during the observation of atypical actions [13] .
Summary and Conclusions
Results from the present experiment are consistent with the idea that the human brain differentiates between actions of differing probability insofar as the functional signatures of probable and improbable actions can be differentiated using modern neuroscience techniques. As such, these data take an important step towards validating mathematical models of psychological phenomenon which incorporate probabilistic equations.
The current results also raise a number of interesting questions regarding the neural underpinnings of the highly sophisticated human apacity for estimating action likelihoods. For example, how exactly do specific brain areas become entrained to differentiate high and low probability actions? And does our ability to estimate an action's likelihood emerge differently depending on the specific types of cues we use to arrive at our estimates? Perhaps most interestingly, what sorts of computational models of mirror neurons might account for the responses observed in euroimaging experiments involving observation of usual and unusual actions? Besides obvious implications for researchers studying action/intention recognition, social-motor control and joint action, it is very likely that a better understanding of the neural mechanisms that support the human capacity for action prediction could lead to radical improvements in the quality of human-human and human-computer interactions.
